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REACTION CHEMISTRY
We have identified two previously unreported gas-solid reactions which produce 1 ∆O 2 without any external heat, light, or electrical input:
Reactions (1) and (2), shown as ideal, balanced equations, were discovered under this DARPA program. However, the actual mechanisms which lead to the simultaneous production of ground state and singlet delta oxygen are more complex. Replacement of HCl by HBr and of Na 2 O 2 by Li 2 O 2 and BaO 2 in Equation (1) also produced 1 ∆O 2 . Deuterated halide gases were also successful in generating 1 ∆O 2 that was detected by direct emission from the 1 ∆ 3 Σ transition at 1.27 microns.
2
Our investigation of the basic chemistry of these gas-solid reactions was not exhaustive but some generalities have emerged which can be correlated with spectroscopic experiments conducted in parallel. Over thirty material balances were determined by adding weighed amounts of solid sodium peroxide to ampoules contained in a nitrogen atmosphere dry box. The ampoules which were equipped with Teflon stopcocks were then connected to a vacuum line that permitted the precise addition of hydrogen chloride or chlorine gas. After the gas-solid reactions were complete, the residual solids were weighed and the liberated oxygen and unreacted HCl or Cl 2 were measured. Powdered samples as well as whole and ground beads of sodium peroxide were used. Infrared analysis of the powder and ground bead samples revealed no differences. included with the reagents was in the form of water vapor added to the sodium peroxide on the vacuum line. The spectroscopic cell (Figure 3 ) used at AFRL in static experiments for the simultaneous detection of 1 ∆O 2 by Raman scattering and IR emission would also qualify as a large volume cell. A dominant IR blackbody emission was generated using this cell and 1 ∆O 2 was not observed in emission or in Raman scattering experiments.
Figure 2. Original Reaction Cell
The combined results of material balance and spectroscopic experiments are consistent with Scheme 1 for an HCl-Na 2 O 2 reaction that has two major reaction channels with braching ratios that depend upon whether HCl or Na 2 O 2 is the excess reagent:
Scheme 1: NaOONa(s) + HCl (g) NaOOH + NaCl
Step 1 NaOOH + HCl HOOH + NaCl NaCl + H 2 O + ½ 3 ΣO 2
Step 2 HOOH (from Step 2) + 2HCl 2H 2 O + Cl 2
Step 3 NaOOH + Cl 2 [NaOOCl] + HCl NaCl + HCl + 1 ∆O 2
Step 4 Gas inlet 
This relationship refers to a static experiment involving a single addition of hydrogen halide gas to a solid peroxide sample. Dividing the total integrated IR signal under the emission versus wavelength data record for the reaction period of a single HCl addition by the emission quantum yield, φ e , and an experimentally determined apparatus constant yields the 1 ∆O 2 concentration.
The value of the apparatus constant was estimated by Boeing to be 1.8x10 -7 based upon the optical collection efficiency, cell volume, and detection sensitivity of the AFRL hardware. An experimentally observed value of 1.0x10 -7 was obtained at EAFB by an independent calibration technique (see Appendix 1). The emission quantum yield (the probability of emission) is the ratio of the quenching affected excited state lifetime (τ) and the natural (τ o ) radiative lifetime and its value is calculated according to Equation (4):
where The joint AFRL-Boeing experiment which has been documented by Boeing is used for illustration. In this experiment approximately 300 mg of solid sodium peroxide was repeatedly exposed to HCl at a pressure of ca. 600-700 torr. The sample reacted spontaneously with each
HCl addition for ca. 120 seconds. During the course of each two minute reaction the pressure typically dropped by 50 torr in accordance with Equation (1) and the reaction cell was evacuated between runs. At the beginning of each reaction the gaseous quenching environment presented to the nascent oxygen is entirely HCl (~600 torr) and Equation (5) The mechanistic complexity of the HCl-Na 2 O 2 reaction is highlighted in Figure 4 where a reaction mixture shows a dark nucleus that is followed by the emission of orange-yellow light.
This behavior is typical of reactions that involve the production of excited states and perhaps radical species. The misleading simplicity expressed in Equation (1) was further illustrated during an HCl-Na 2 O 2 reaction that was monitored simultaneously for direct 1 ∆O 2 emission and Raman scattering with the arrangement in Figure 1 . A cell design shown in Figure 5 was used in this case where a small gas-solid reaction region on the left is separated from a laser Raman scattering observation region by a teflon stopcock. A 600 mg sample of powdered sodium peroxide was placed in the sample reservoir and HCl gas was rapidly added to a pressure of 300 torr with the stopcock open slightly to vacuum. The rapid addition of the HCl caused some sodium peroxide to be swept into the laser beam within the Raman scattering region of the cell on the right side of Figure 5 . Intense Mie scattering due to the solid particles and aerosol formation illuminated the entire laboratory with laser light. The IR emission integrated over a 10 sec period is shown in Figure 6 and a time-correlated but spatially separated series of six 2 second Raman accumulations is depicted in Figure 7 . The wavenumber axis for the Raman spectra in this report was calibrated from a fit of the data points (pixel versus cm -1 ) shown 
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Figure 8. Raman Spectrum Of Gaseous Hydrogen Peroxide In Air
The H 2 O 2 peak at 1394 cm -1 in Figure 8 is 94 cm -1 distant from the 1488 cm -1 feature in Figure 7 that is assigned to 1 ∆O 2 and this is well beyond the observed 5 cm -1 range of peak position variability exhibited over a wide range of experiments. (See Raman spectra in Appendix A.) A flow experiment similar to the one which produced the data in Figure 7 was performed with powdered Na 2 O 2 and nitrogen gas in place of HCl and the resulting Raman spectrum appears in Figure 9 . The major features at 871, 2038, and 2021 cm -1 do not exactly match peaks in the spectrum of Figure 7 . Furthermore, the experiments with hydrogen peroxide or sodium peroxide in the absence of HCl did not give rise to the 1791,1765, 1488, and 1188 cm -1 features in Figure   7 . Several attempts to reproduce the results for the flow experiment in Figure 7 were not successful. Nevertheless, it may be concluded that the intense feature appearing at 1488 cm -1 in Figure 7 could not be attributed to H 2 O 2 , solid Na 2 O 2 , or perhaps laser photolysis products of those peroxides and singlet delta oxygen is the reasonable assignment at 1488 cm -1 . The Cl 2 -Na 2 O 2 reaction was also spectroscopically investigated.
1 ∆O 2 emission at 1.27 microns was readily observed during a 5 second integration (See Figure 10) . The reaction took place with the cell represented in Figure 5 slightly open to vacuum after 300 torr of chlorine were added to ca. 500 mg of powdered sodium peroxide. The Raman spectrum correlated with Figure 10 indicates ground state oxygen only (see Figure 11) . Additional experiments indicated that unassigned features along the baseline are due to impurities in the chlorine. A weak Raman signature due to 1 ∆O 2 at 1488-1483 cm -1 could be masked under this baseline. The spectroscopy experiments and the averaged material balance results in the last line of Table 1 permit some conclusions about the Cl 2 -Na 2 O 2 chemistry. When Na 2 O 2 beads are treated with water vapor for the material balance experiments a surface reaction to produce hydrogen peroxide and sodium hydroxide results. Subsequent addition of Cl 2 produces 1 ∆O 2 . This is essentially the conventional basic hydrogen peroxide reaction occurring on the bead surface.
Scheme 2:
This reaction is believed to involve the ClOO -ion as an unstable intermediate that decompose a) The Cl 2 -Na 2 O 2 system clearly demonstrates that 1 ∆O 2 can be produced ( Figure 10 ) in a gas-solid reaction without invoking liquid phase reaction chemistry. The absence of large amounts of hydrogen containing compounds in this system precludes the production of either water or hydrogen peroxide as major products.
b) The HCl-Na 2 O 2 reaction produces ground state oxygen from the thermal decomposition of HOOH under excess HCl conditions. The use of less than stoichiometric amounts of Could unstable solid NaOOH be generated in situ from gaseous HCl and solid Na 2 O 2 powder in a fluidized bed and then be reacted with Cl 2 gas to give 
Figure A-1. Calibration Lines For Raman Spectra
These seven data points were used to convert the OMA pixels to corresponding wavenumbers for all Raman data in this report. In Figure A -2 the direct IR emission from singlet delta oxygen at 1.27 microns during the microwave discharge of an O 2 /He mixture at 8.6 torr total pressure is shown for a one second data integration. The time-correlated Raman spectrum from this same discharged mixture is shown in Figure A -3 for a 10 second data integration. An arrow in Figure   A -3 points to a feature that is nearly buried in the noise at 1483 cm -1 and it corresponds to 1 ∆O 2 .
Forty four consecutive 10 second Raman traces were averaged in Figure A- A-4 The value of ε is the product of the cell volume, the emission collection probability, and the detection probability; t is the time over which the emission occurs, and φ e is the quantum yield (or probability) of emission. Equation (A1) highlights the fact that the Raman measurement of a 1 ∆O 2 concentration must be corrected for the 1 ∆O 2 loss due to nonradiative quenching by the φ e term to obtain the radiative contribution on the RHS of the equation. The term φ e is τ/τ o which is the ratio of the 1 ∆O 2 lifetime at the total experimental pressure to the natural radiative lifetime (2700 sec). The microwave discharge consisted of a mixture of 3. This gives a value for the lumped experimental factor ε of 1.0x10
-7 cc-counts/molecule.
(Following a joint experiment at EAFB, Boeing calculated and reported a very close estimate of 1.8x10 -7 for ε based only upon the experimental optical geometry, the estimated cell volume, and vendor specs for the IR OMA detector.) 
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